Abstract Breast cancer is the second leading cause of cancer death in women in the United States. Metastasis accounts for the death of *90 % of these patients, yet the mechanisms underlying this event remain poorly defined. WAVE3 belongs to the WASP/WAVE family of actinbinding proteins that play essential roles in regulating cell morphology, actin polymerization, cytoskeleton remodeling, cell motility, and invasion. Accordingly, we demonstrated previously that WAVE3 promotes the acquisition of invasive and metastatic phenotypes by human breast cancers. Herein, we show that transforming growth factor-b (TGF-b) selectively and robustly induced the expression of WAVE3 in metastatic breast cancer cells, but not in their nonmetastatic counterparts. Moreover, the induction of WAVE3 expression in human and mouse triple-negative breast cancer cells (TNBCs) by TGF-b likely reflects its coupling to microRNA expression via a Smad2-and b3 integrin-dependent mechanism. We further demonstrate the requirement for WAVE3 expression in mediating the initiation of epithelial-mesenchymal transition (EMT) programs stimulated by TGF-b. Indeed, stable depletion of WAVE3 expression in human TNBC cells prevented TGFb from inducing EMT programs and from stimulating the proliferation, migration, and the formation of lamellipodia in metastatic TNBC cells. Lastly, we observed WAVE3 deficiency to abrogate the outgrowth of TNBC cell organoids in 3-dimensional organotypic cultures as well as to decrease the growth and metastasis of 4T1 tumors produced in syngeneic Balb/C mice. Indeed, WAVE3 deficiency significantly reduced the presence of sarcomatoid morphologies indicative of EMT phenotypes in pulmonary TNBC tumors as compared to those detected in their parental counterparts. Collectively, these findings indicate the necessity for WAVE3 expression and activity during EMT programs stimulated by TGF-b; they also suggest that measures capable of inactivating WAVE3 may play a role in alleviating metastasis stimulated by TGF-b. 
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Introduction
Breast cancer is a heterogeneous disease that can be classified into at least five genetically distinct subtypes [1] . Luminal breast cancers that are estrogen receptor positive (ER?) and low grade have the best prognosis, while those that lack expression of hormone receptors (ER-a and progesterone (PR)) and fail to exhibit amplification of ErbB2/ HER2 are classified as triple-negative breast cancers (TNBCs), and display the poorest clinical outcomes due to their increased propensity to metastasize and recur [2, 3] . Indeed, metastasis accounts for *90 % of the mortality observed in breast cancer patients [4] ; it is also a multistep process whereby mammary carcinoma cells (i) detach and migrate out of the primary tumor microenvironment, (ii) intravasate into the circulatory system, and (iii) extravasate out of the circulation and invade distant sites of metastasis, at which point they can acquire dormant or actively proliferating phenotypes [5] . Recently, epithelial-mesenchymal transition (EMT) programs have been implicated as potential drivers of breast cancer metastasis in part by eliciting dramatic cytoskeleton remodeling from apicalbasolateral polarities characteristic of epithelial cells to the synthesis of actin stress fibers characteristic of mesenchymal cells [6] . Consequently, EMT programs induce immotile mammary epithelial cells (MECs) to acquire invasive and migratory phenotypes, as well as to exhibit cancer stem cell-like and chemoresistant behaviors. We previously established WAVE3 as a critical regulator of actin cytoskeletal remodeling [7] [8] [9] [10] [11] [12] , doing so by recruitment of the Arp2/3 complex that regulates actin polymerization and enhances lamellipodia formation at the leading edge of migratory cells [13] . Along these lines, aberrant increases in WAVE3 expression enhance the migration and invasion of TNBCs [11, 14] , suggesting that therapeutic targeting of WAVE3 or oncogenic signaling pathways coupled to its expression in TNBCs may offer novel inroads to inhibit their metastatic progression.
Transforming growth factor-b (TGF-b) is a multifunctional cytokine that regulates all stages of mammary gland development as well as suppresses the transformation and tumor formation of MECs. However, as mammary tumors continue to develop and progress, TGF-b typically loses its tumor-suppressor function and ultimately acquires tumorpromoting behaviors, which collectively enhance breast cancer proliferation, invasion, and metastasis in part via the stimulation of EMT programs [6, 15] . Indeed, numerous studies have established TGF-b as a master regulator of EMT in a variety of normal and malignant cells and tissues, including those of the breast. Unfortunately, the precise sequence of events that engender the conversion of TGF-b function during mammary tumorigenesis remains incompletely understood, as does a detailed understanding of the molecular mechanisms through which TGF-b induces EMT programs. This knowledge gap is complicated by the ability of TGF-b to activate a bifurcated signaling system that comprises canonical (i.e., Smad2/3/4-dependent) and noncanonical (i.e., Smad2/3/4-independent) signaling inputs, both of which coalesce in promoting EMT reactions stimulated by TGF-b [6, 15] .
Despite the documented abilities of TGF-b and WAVE3 to drive the acquisition of EMT and metastatic phenotypes in late-stage breast cancers, it remains completely unknown as to whether TGF-b and WAVE3 function in linear or parallel pathways coupled to breast cancer development and metastatic progression. As such, we sought to examine whether TGF-b is coupled to WAVE3 expression in normal and malignant MECs, and if so, to determine the role of WAVE3 in regulating oncogenic activities of TGF-b and its coupling to EMT and metastasis in TNBCs.
Materials and methods

Cell culture and cDNA constructs
Normal mouse NMuMG cells were obtained from ATCC (Manassas, VA, USA), while their (i) EGFR-transformed and nonmetastatic NME derivatives were described previously [16] , and (ii) highly metastatic NME-LM2 derivatives were obtained by ex vivo isolation of pulmonary NME tumor cells, which were subsequently amplified twice through nude mice. Metastatic human MDA-MB-231 cells were purchased from ATCC, while nonmetastatic 67NR, weakly metastatic 4T07, and highly metastatic 4T1 cells were provided by Fred Miller (Wayne State University, Detroit, Michigan, USA). Firefly luciferase-expressing 4T1 cells were described previously [17, 18] . MDA-MB-231 and 4T1 cells rendered deficient in WAVE3 expression were generated by lentiviral-mediated transduction using a scrambled (nonsilencing shRNA) or verified WAVE3 shRNA encoded in pLKO.1-puro from Sigma (Saint Louis MO, USA) as previously described [19, 20] . The extent of WAVE3 deficiency was determined by immunoblotting for WAVE3 as described below.
Semi-quantitative real-time PCR analyses
Total RNA was purified using the RNeasy Plus Mini Kit (QIAGEN, Valencia, CA, USA). Afterward, cDNAs were synthesized using the miScript Reverse Transcription Kit (QIAGEN), and subsequently diluted 10- 0 -AGTAGAGGCAGGGATGATGTT. Additionally, WAVE3 primer sets were purchased from Qiagen and used as described [14] .
Cell migration, invasion, and proliferation assays Alterations in 4T1 cell migration were assessed by wounding confluent cultures with a micropipette tip, and immediately placing in serum-free medium supplemented with or without TGF-b1 (5 ng/ml). Bright-field images were obtained immediately after wounding, and again at various times thereafter during the ensuing 24 h. The extent of wound closure was quantitated by measuring the wound areas obtained from five independent fields using ImageJ (v1.34s). For invasion assays, modified Boyden chambers were coated with Matrigel (1:10 dilution; BD Biosciences, San Jose, CA, USA) and used to measure the invasiveness of 67NR and 4T1 cells in response to 10 % serum and TGF-b1 (5 ng/ml) as described [21] . Finally, alterations in MDA-MB-231 and 4T1 cell proliferation (10,000 cells/well) were determined by monitoring the incorporation of [ 3 H]thymidine into cellular DNA as described [22] .
3-Dimensional (3D) organotypic culture and outgrowth assays Compliant 3D organotypic cultures were performed using the ''on-top'' method [23] as described [24] . Briefly, MDA-MB-231 and 4T1 cells were cultured on Cultrex cushions (100 %; Trevigen, Gaithersburg, MD, USA) in complete medium supplemented with 5 % Cultrex. Where indicated, the cells were treated with TGF-b1 (5 ng/ml) for 11 days, during which the medium/Cultrex solution was replaced once every 4 days. Alterations in organoid growth arising from manipulations of WAVE3 expression were quantified by the performance of bioluminescent growth assays as described previously [19] . Briefly, organoid growth rates were detected by the addition of D-luciferin (Gold Biotechnology, St. Louis, MO, USA) to induce bioluminescence, which was quantified on a GloMax-Multi Detection System (Promega, Madison, WI, USA). Cell proliferation was normalized to initial bioluminescent signals that were obtained 18 h after plating.
Immunoblotting analyses
Control (i.e., nonsilencing shRNA) and WAVE3-deficient MDA-MB-231 and 4T1 cells were incubated in the absence or presence of TGF-b1 (5 ng/ml) for varying times over a span of 48 h, at which point they were solubilized in Buffer H/1 % Triton X-100 and prepared for immunoblotting as described [25] . The following primary antibodies were used: (a) anti-WAVE3 ( Immunostaining was undertaken to monitor the expression of Ki-67 (1:50; BD Biosciences) as described [26] . The resulting images were captured on an Olympus BH2 microscope outfitted with Spot Advanced software (Diagnostic Instruments Inc., Sterling Heights, MI, USA). For pulmonary outgrowth studies, the aforementioned 4T1 derivatives were injected (5,000 cells/mouse) into the lateral tail vein of female Balb/C mice. Bioluminescence imaging was performed 30 min after inoculation (T0) and biweekly thereafter. Pulmonary tumor development was assessed by normalizing biweekly images to those obtained at T0.
Statistical analyses
Statistical values were defined using an unpaired 2-tailed Student's t test, where a p value \ 0.05 was considered to be statistically significant.
Results
WAVE3 expression is upregulated by TGF-b in a manner that correlates with metastatic potential of TNBCs
We [8, 9, 12] and others [27, 28] established that the expression and activity of WAVE3 promote carcinoma migration, invasion, and metastasis. Indeed, WAVE3 expression is upregulated dramatically in metastatic human breast cancer cell lines (e.g., MDA-MB-231 and BT-549) as compared to their nonmetastatic counterparts (e.g., MCF7, T47D, and SKBr3) [14] . Along these lines, aberrant WAVE3 expression is associated predominantly with aggressive TNBC subtypes [14] . The murine 4T1 progression series is an established model of TNBC development and metastatic progression and consists of isogenically derived nonmetastatic 67NR, systemically invasive 4T07, and highly metastatic 4T1 cells [29] . RNA profiling of these cell lines indicated that TGF-b significantly upregulated WAVE3 expression in metastatic 4T1 cells, while the same treatment condition elicited only modest upregulation of WAVE3 in the nonmetastatic 67NR and 4T07 cells (Fig. 1a) . Similar patterns of WAVE3 protein expression were also observed in 4T1 derivatives stimulated with TGF-b (Fig. 1b) . These results indicate that WAVE3 is upregulated by TGF-b in a manner that correlates with metastatic potential. To insure that this correlation was not limited solely to the 4T1 progression series, we also examined the coupling of TGF-b to WAVE3 expression in NMuMG cells, which are readily transformed by EGFR overexpression (termed NME cells [16, 30] ), subsequently undergo metastatic progression in response to EMT stimulated by TGF-b, and are termed NME-LM2 cells (M.K. Wendt and W.P. Schiemann, unpublished observation). Similar to our findings obtained in the 4T1 progression series, we observed TGF-b stimulation to induce significant WAVE3 mRNA and protein expression in the transformed NME and NME-LM2 cells, but not in their normal NMuMG counterparts (Fig. 1c, d) . Moreover, TGF-b also stimulated WAVE3 mRNA and protein expression in the human MDA-MB-231 cells, which represent an established model for human TNBC (Fig. 1e, f) . Collectively, these results indicate that WAVE3 expression is highly upregulated by TGF-b in metastatic TNBC cells.
TGF-b induces WAVE3 expression in a Smad2-and b3 integrin-dependent manner in TNBCs
We previously demonstrated that expression of microRNAs (miRs) 31 and 200 negatively regulates WAVE3 expression in human TNBCs [8, 31] . Along these lines, Fig. 2a shows that TGF-b negatively regulates the expression of these miRs in murine 4T1 cells [26] , suggesting that the coupling of TGF-b to WAVE3 may proceed through altered miR-31 and miR-200 expression in TNBCs. Additionally, both canonical (e.g., Smad2/3) and noncanonical (e.g., b1 and b3 integrins, FAK, p38 MAPK, etc.) TGF-b signaling systems are essential in mediating TGF-b stimulation of EMT and metastasis (see [6, 15] ). Moreover, b1 and b3 integrins can associate with the TGFb type-II receptor and promote its activation of p38 MAPK signaling, leading to the induction of EMT programs [22, [32] [33] [34] . To further investigate the mechanisms through which TGF-b stimulates WAVE3 expression, we performed semi-quantitative real-time PCR analyses to monitor the synthesis of WAVE3 transcripts in 4T1 cells engineered to express diminished levels of either Smad2, b3 integrin, or b1 integrin (Fig. 2b) . As shown in Fig. 2c , 4T1 cells depleted in the expression of either Smad2 or b3 integrin, but not of b1 integrin, and were unable to upregulate WAVE3 mRNA in response to TGF-b. Thus, TGF-b induces WAVE3 expression in part via a Smad2 (canonical) and b3 integrin (noncanonical)-dependent manner.
We also investigated whether WAVE3 expression and activity were capable of reciprocally regulating those pathways governed by TGF-b. To do so, we measured the phosphorylation status of Smads 2 and 3 in parental (i.e., scrambled shRNA) and WAVE3-deficient human MDA-MB-231 (Fig. 2d ) and murine 4T1 (Fig. 2e) cells. Figure 2c also shows that WAVE3 deficiency failed to affect the ability of TGF-b to stimulate the phosphorylation of either Smad2 or Smad3. Similarly, depleting WAVE3 expression in 4T1 cells had no effect on the coupling of TGF-b to the activation of Smad2/3 (Fig. 2e) , indicating that WAVE3 deficiency does not alter TGF-b signaling through these cellular pathways. Taken together, these findings indicate that Smad2 and b3 integrin are required for TGF-b to induce WAVE3 expression in TNBCs.
WAVE3 is required for TGF-b-mediated EMT in TNBCs
The ability of TGF-b to promote metastatic progression is strongly linked to its stimulation of EMT programs, whereby polarized MECs acquire a highly motile, apolar fibroblastoid-like phenotype [6] . EMT programs are accompanied by altered molecular profiles that reflect a loss of epithelial cell polarity and gain of mesenchymal morphologies that transpire via the upregulation of fibroblastoid markers (e.g., N-cadherin, fibronectin, and vimentin) [6] . Given the established role of WAVE3 in modulating the actin cytoskeleton [8, 9, 13] , we examined the role of WAVE3 in modulating EMT programs stimulated by TGF-b. Although loss of WAVE3 expression failed to alter the loss of E-cadherin expression elicited by TGF-b (Fig. 3a) , this same experimental condition prevented TGF-b from inducing the upregulated expression of the mesenchymal markers, N-cadherin, Fibronectin, and Vimentin, as measured by semi-quantitative real-time PCR (Fig. 3b) . Additionally, WAVE3 deficiency also elicited a significant reduction in basal levels of vimentin expression in these same MDA-MB-231 derivatives (Fig. 3b) . Along these lines, WAVE3 deficiency blocked TGF-b from stimulating fibronectin and vimentin protein expression, a cellular reaction that was not recapitulated for the pan epithelial and mesenchymal marker, b1 integrin (Fig. 3c) . Consistent with these findings, WAVE3 deficiency altered the mesenchymal morphologies of metastatic MDA-MB-231 cells (Fig. 3d) and their formation of lamellipodia (Fig. 3e ) both before and after their stimulation with TGF-b. Similarly, 4T1 cells treated with TGF-b readily transitioned from an epithelial morphology characterized by cortical actin staining to a mesenchymal morphology with abundant production of actin stress fibers (Fig. 3f) . Importantly, depleting WAVE3 expression in these same cells stabilized their cortical actin staining patterns and attenuated their formation of actin stress fibers in response to TGF-b (Fig. 3f) . Collectively, these findings indicate that WAVE3 is required for metastatic cells to upregulate the expression of mesenchymal markers required to initiate EMT programs in response to TGF-b.
WAVE3 depletion dampens TNBC migration stimulated by TGF-b
A fundamental feature of EMT programs is their ability to promote carcinoma invasion and motility, which are essential processes in the metastatic cascade, which enable breast cancer cells to escape the confines of the primary tumor. Numerous studies have implicated WAVE3 as a crucial component of tumor cell invasion [10] [11] [12] , a cellular response that has also been attributed to TGF-b in promoting the invasion of 4T1 and MDA-MB-231 cells [35, 36] . Functionally, although decreased WAVE3 expression diminished basal levels of invasion, as has been previously observed [12] , depletion of WAVE3 failed to antagonize the ability of TGF-b to induce the invasion of these TNBC cells (Fig. 4a) . However, rendering either MDA-MB-231 or 4T1 metastatic cells deficient in WAVE3 significantly reduced their ability to initiate cell migration in response to TGF-b (Fig. 4b, c) . Collectively, these findings indicate that WAVE3 is required for cell migration stimulated by TGF-b.
WAVE3 depletion decreases TGF-b-mediated proliferation and 3D outgrowth of TNBCs
Based on the requirement of WAVE3 expression for TGFb-mediated EMT and migration, we next sought to determine whether WAVE3 expression couples TGF-b to the regulation of MEC proliferation and 3D organotypic outgrowth. In doing so, we initially measured effects of WAVE3 depletion on the rate of DNA synthesis regulated by TGF-b. As expected, TGF-b induced the proliferation of control MDA-MB-231 and 4T1 cells (Fig. 5a, b) [22, 37] . However, when these same cells were rendered deficient in WAVE3 expression, the coupling of TGF-b to cytostasis was restored and led to a dramatic decrease in TGF-bmediated proliferation (Fig. 5a, b) . We also measured differences in the growth of breast cancer organoids formed by these same cells in 3D organotypic cultures, which more closely recapitulate the elastic modulus of the lung microenvironment and mimic metastatic outgrowth in the pulmonary microenvironment [19, [38] [39] [40] . We recently demonstrated that TGF-b functions to suppress the growth of late-stage TNBC organoids in compliant 3D organotypic cultures, but to promote their growth when stimulated by TGF-b in rigid 3D organotypic cultures [24, 26, 41] . Interestingly, WAVE3 deficiency significantly repressed the basal growth rates of TNBC organoids in compliant 3D organotypic cultures, a cytostatic event that was further enhanced by inclusion of TGF-b (Fig. 5c, d ). Along these lines, WAVE3 deficiency in MDA-MB-231 cells enhanced their formation of branched organoids, a morphology we previously associated with mammary gland differentiation and metastatic dormancy (Fig. 5e ) [16, 19] . Collectively, these findings indicate that WAVE3 not only regulates the coupling of TGF-b to EMT programs but may also play a novel role in modulating cell cycle progression in response to TGF-b. Moreover, these findings suggest that WAVE3 deficiency enhances the cytostatic activities of TGF-b, which may serve to prevent the metastatic outgrowth of disseminated TNBC cells. WAVE3 deficiency decreases the growth and metastasis of TNBC tumors in mice
To investigate the role of WAVE3 in TGF-b-mediated tumor growth and metastasis, we orthotopically injected 4T1 cells, which are subject to high levels of autocrine TGF-b signaling [24, 37, 42, 43] , into the mammary fat pads of syngeneic Balb/C mice. In this context, WAVE3 deficiency resulted in a significant reduction in primary 4T1 tumor growth and subsequent metastatic dissemination (Fig. 6a, b) . In accordance with our demonstration that WAVE3 deficiency elicited an anti-proliferative response in 4T1 cells (Fig. 5) , we also observed WAVE3-deficient 4T1 tumors to exhibit significantly lower proliferation indices as compared to their WAVE3-expressing counterparts (Fig. 6c) . To further test the supposition that WAVE3 deficiency decreases metastatic outgrowth, we inoculated the same 4T1 derivatives into the lateral tail veins of 4-week-old female Balb/C mice. Initial carcinoma cell seeding and subsequent pulmonary outgrowth of 4T1 cells were subsequently monitored by biweekly bioluminescent imaging. Figure 6d shows that the loss of WAVE3 expression significantly decreased pulmonary tumor burden elicited by 4T1 cells. Importantly, and consistent with our findings that WAVE3 participates in EMT and metastasis stimulated by TGF-b, we found WAVE3 deficiency to significantly reduce the appearance of sarcomatoid morphologies and EMT phenotypes in pulmonary 4T1 tumors (Fig. 6e) . Collectively, these findings indicate that WAVE3 enhances the growth and metastatic progression of late-stage TNBC tumors, suggesting that the expression and activity of WAVE3 are an important component of oncogenic TGF-b signaling and its stimulation of breast cancer progression (Fig. 6f) .
Discussion
Breast cancer is the second most common cause of cancer death in women in the United States, and of these deaths, *90 % are due to metastasis. As such, a better understanding of the molecular mechanisms that elicit breast cancer metastasis is necessary for the development of new targeted therapies to improve the clinical course of patients with metastatic disease. It is well known that pathological characteristics, such as positive lymph node status and histological grade, readily contribute to increased risk for metastasis. Moreover, breast cancer can be subcategorized into at least 5 genetically distinct subtypes [1] and perhaps as many as 10 distinct subtypes [44] based on their hormone receptor status (ER-a and PR), amplification of ErbB2/HER2, and distinct genomic landscapes. Interestingly, TNBCs lack expression of ER-a, PR, and HER2, which has significantly impeded the development of targeted therapies against this aggressive breast cancer subtype [45] . Along these line, TNBCs also appear to represent a heterogeneous group that may comprise as many as 6 unique subtypes [46] , all of which are highly metastatic and often become resistant to standard-of-care chemotherapeutic agents [45] . The promotion of EMT programs by TGF-b represents an established mechanism capable of driving TNBC metastasis [6] . More recently, elevated expression of WAVE3 in TNBC cell lines has been shown to directly contribute to the increased invasion and metastasis of these cells [14] . In the current study, we observed WAVE3 expression to be induced by TGF-b in both human and mouse TNBC cells, a response to TGF-b that correlated with the metastatic phenotype of these mammary carcinoma cells. These initial observations, coupled with the knowledge that WAVE3 is an established promoter of breast cancer metastasis [14] , implicated WAVE3 as a potential mediator of oncogenic TGF-b signaling in TNBCs, thereby providing the impetus to explore the function of WAVE3 during mammary tumorigenesis regulated by TGF-b. As such, the major findings of our study show that (i) the coupling of TGF-b to WAVE3 expression involves both canonical (i.e., Smad2) and noncanonical (i.e., b3 integrin) signaling inputs (Fig. 2) ; (ii) WAVE3 expression and activity are required for the initiation of EMT programs stimulated by TGF-b (Fig. 3) ; (iii) WAVE3 deficiency reduced the coupling of TGF-b to cell proliferation and migration, and to TNBC organoid growth in 3D organotypic cultures (Fig. 4, 5) ; and (iv) loss of WAVE3 function decreased the ability of TGF-b to induce the growth and metastasis of TNBC tumors in mice (Fig. 6) . Collectively, our findings have established WAVE3 as a novel effector molecule in the oncogenic TGF-b signaling system and have demonstrated the necessity for WAVE3 during EMT and metastasis programs stimulated by TGF-b.
An intriguing and unexpected finding of the current study was the clear linkage of WAVE3 expression to the regulation of proliferative programs. Precisely how the modulation of the actin cytoskeleton by WAVE3 impacts cell cycle progression remains unknown; however, recent studies do suggest an important role for actin polymerization in regulating cellular pathways and signaling systems coupled to transcriptional and proliferative programs [47, 48] . Interestingly, whereas depletion of WAVE3 failed to significantly alter basal rates of DNA synthesis, this cellular condition did significantly enhance the anti-proliferative activities of TGF-b (Fig. 5a, b) . The selectivity of this response suggests that WAVE3 may play a novel and critical role in mediating the switch in TGF-b function from that of a cell cycle suppressor to a promoter of cell cycle progression. In support of this supposition, we recently established that WAVE3 functions to sensitize cancer cells to apoptosis driven by TNF-a (G. Davuluri and K. Sossey-Alaoui, unpublished observation).
Mammary tumor microenvironments play an essential role in governing the growth, metastasis, and chemosensitivity of tumors. Integrins are heterodimeric transmembrane receptors that physically link the extracellular matrix to the actin cytoskeleton, thereby transducing microenvironmental signals into altered gene expression profiles and cell behaviors. Moreover, altered integrin expression profiles are associated with the metastatic progression of breast cancers, including that driven by TGF-b [22, 34, 49] . Mechanistically, oncogenic TGF-b signaling is initiated by the physical interaction of TbR-II with b1 and b3 integrins, which leads to the phosphorylation and activation of FAK, which elicit the recruitment of Src and p130Cas and downstream activation of Rac1, which ultimately enhance the motility and migration of late-stage breast cancers [22, [32] [33] [34] 49] . Interestingly, Rac1 can modulate the activity of WAVE3 and promote migratory phenotypes' carcinoma cells [7] . Upregulation of b1 integrin expression in breast cancer cells has been shown to enhance metastasis, leading to the supposition that b1 integrin-targeted therapies may prove to be effective in reducing metastasis [34, 39, 40] . However, inactivating b1 integrin function elicits a compensatory upregulation of b3 integrin expression that is sufficient to restore the metastatic behavior of late-stage breast cancers (J.G. Parvani and W.P. Schiemann, unpublished observation). Along these lines, upregulated b3 integrin expression is associated with the acquisition of EMT, cancer stem cell-like, and metastatic phenotypes in breast cancers [50] . Accordingly, we established that the simultaneous stimulation of avb3 integrin and TGF-b receptors was essential in promoting EMT and invasive phenotypes in normal and malignant MECs, and in stimulating the metastatic progression of TNBCs [22, 32, 33] . Importantly, targeted inactivation of b3 integrin expression abrogates the coupling of TGF-b to breast cancer EMT and pulmonary metastasis [22, 32, 33] . Likewise, we show here that targeted inactivation of b3 integrin, but not that of b1 integrin, also abrogates the expression of WAVE3 in Fig. 6 WAVE3 deficiency decreases the growth and metastasis of TNBC tumors in mice. Primary tumor growth (a) and metastasis (b) of control and WAVE3-deficient 4T1 cells engineered to stably express firefly luciferase (Luc) were determined following their engraftment into the mammary fat pads of Balb/C mice (n = 5). c Depletion of WAVE3 inhibits the proliferative capacity of primary 4T1 tumors as measured by Ki67 staining, which was quantified using ImageJ. d These same 4T1 derivatives were also injected into the lateral tail vein for Balb/C mice, whose development of pulmonary tumors was measured by bioluminescence longitudinally every 3 days post-injection (top). Representative bioluminescent signals of pulmonary tumor formation 14 days post-injection are also shown (bottom). Following necropsy, the lungs were stained with H&E and the frequency of sarcomatoid phenotypes in these tissue samples was determined (e). (f) TGF-b upregulation of WAVE3 involves both the canonical (Smad2) and noncanonical (b3 integrin) signaling pathways, leading to the initiation of EMT programs that enhance TNBC cell proliferation, migration, and invasion, which culminates in driving the metastatic dissemination of TNBCs response to TGF-b, thereby implicating WAVE3 as an essential component operant in linking b3 integrin to the oncogenic activities of TGF-b in TNBCs. In summary, the findings presented herein show that TGF-b strongly induces WAVE3 expression in late-stage human and murine TNBC cells, and that this event correlates with the functional conversion of TGF-b from a suppressor to a promoter of TNBC development and metastatic progression. Collectively, our study implicates upregulated WAVE3 expression as a potential biomarker for TNBC metastasis driven by TGF-b, and shows that therapeutic targeting of WAVE3 may provide an innovative method for selectively restoring the cytostatic activities of TGF-b in late-stage TNBCs.
